Introduction
To address the concerns related to environmental sustainability, increasing energy costs and depleting fossil fuel resources, renewable energy technologies have been at the forefronts of energy research. A key objective of the EU's 2020 targets is to increase the share of renewable energy generation within its member states to 20% [1] . Solar energy, with its tremendous availability of 120 petajoules of energy incident on the Earth per second, possess immense potential in supplying the planet's energy needs. With an annual solar energy http://dx.doi.org/10.1016/j.apenergy.2017.09.076 Received 29 May 2017; Received in revised form 1 September 2017; Accepted 11 September 2017 production increase by an average of 8.3% and a projected generation of 859 billion kWh [2] , the contribution from Photovoltaic (PV) technology is projected to have doubled its share between 2011 and 2018 [3] . Concentrator Photovoltaic (CPV) is a field of PV technology where the concentration of the sunlight is achieved by focusing irradiance onto smaller areas of the solar cells. The underpinning idea behind concentration by means of an optical assembly is to increase the electrical energy yield from the PV and reduce the space requirement. When PV and CPV panels are used in buildings for producing electricity at the point of use and replacing the conventional building materials, they are referred to as Building-Integrated Photovoltaic (BIPV) and Building-Integrated Concentrator Photovoltaic (BICPV) respectively. However, as a side-effect of this concentration achieved by mirrors or lenses, a high-temperature rise is observed within BICPV systems if the generated heat is not properly dissipated. Also, silicon based solar cells that are currently used for BICPV, convert only approximately 18-20% of the available solar irradiance into electrical energy while the rest is converted into heat [4] . This temperature rise poses a challenge for the efficient functioning of the cells within their safe operating temperatures and may be detrimental to their longevity. For instance, in mono and polycrystalline silicon solar cells, the increase in temperature leads to a slight increase in short circuit current (0.06-0.1%/°C), but introduces a much higher voltage drop (2-2.3 mV/°C), and fill factor reduction (0.1-0.2%/°C), causing the output electrical power to drop by 0.4-0.5%/°C [5, 6] . This undesirable performance degradation is due to the negative temperature coefficient of the silicon solar cells (as high as −0.66%/°C between 25°C and 60°C [7] ). Therefore, this challenge of the over-heating of solar cells above the manufacturer-specified operating temperature needs to be addressed.
The available thermal management options for low concentration BICPV systems include: (a) active cooling mechanism, based on pumped water which requires mechanical or electrical power for operation, and (b) passive cooling mechanism, achieved by either changing the geometry (i.e. by introducing fins) or by using Phase Change Materials (PCMs). Due to the clear benefits of passive mechanisms such as silent and powerless operation, and lower associated costs, they are selected for the requirements of this research.
Fins are extended surfaces made of materials with high thermal conductivity and manufactured using welding, extrusion or milling [8] while micro-fins are extended surfaces with one or more micro-scaled dimensions and are generally produced by subtractive manufacturing processes such as dicing, etching or electrical discharge machining [9] . Another passive cooling technique is based on the use of PCMs; materials with high latent heat and other desirable thermophysical properties that undergo phase transformation during addition or removal of heat [10] [11] [12] . Appropriately used PCMs can reduce the peak heating and cooling loads and may minimise the system bulk by reducing the dimensions of the heat transfer surface [13] . Commercially available paraffin wax based PCMs demonstrate no degradation in their thermal properties and remain stable even after 1000-2000 cycles of melting and solidification [14] . However, paraffin wax based PCMs which are most commonly employed in buildings and other applications possess very low thermal conductivity, which increases their charging and discharging time period. This issue could be addressed by adding materials with a higher thermal conductivity, known as Thermal Conductivity Enhancers (TCEs) [15] [16] [17] , such as nanomaterials. The term Nanoparticle-Enhanced Phase Change Materials (NEPCM), referred to as n-PCM within this paper, was coined by the authors of [18] , about a decade ago, and they proposed the use of n-PCM for various thermal energy storage applications.
Over the past two decades, the passive thermal regulation of BIPV using PCMs as the primary media have been reported by [19] [20] [21] in combination with macro-fins [22] . However, there is still considerable scope for research in their application in BICPV, especially the combined use of micro-fins, PCMs and n-PCMs. In addition to this, the research on micro-fins itself is still limited, although there is wide knowledge available on the macro-scaled fins [23] . The question that needs to be addressed is whether these combined thermal management techniques, which are either proposed or adopted for BIPV and other PV applications will prove equally beneficial for BICPV and if so, what will be the quantified benefits. Through this study, we have attempted to provide some answers and bridge the existing knowledge gap by: (a) experimentally investigating the passive cooling of BICPV using microfins and PCM in tandem, and (b) exploring the potential advantages of replacing PCMs with n-PCMs. For the first time, the benefits of various combined thermal management techniques are quantified in terms of achieved temperature reduction. In addition, we have attempted to resolve the leakage of PCM in the liquid phase through the use of a single component, 3-D printed PCM containment with no joined parts. Leakage is a critical issue associated with the use of solid-liquid organic PCMs [24, 25] .
For the experimental work, a scaled down thermal system was designed and fabricated to emulate the BICPV temperature rise as obtained in [26] .A nu nfinned and a micro-finned aluminium plate were used as the heat sink that mounted the heat source (glued Kapton resistance heaters). The PCM containment was 3-D printed using ABS plastic and the aluminium plate was snug-fitw i t ht h em i c r ofins facing the PCM side. Paraffin wax based organic solid-liquid RT42 (from Rubitherm®,Germany) was selected as the PCM for the experiments. A metal oxide nanomaterial (nano-CuO, with 60 nm average particle size) was selected as the TCE to [27] )o ft h eb a s e PCM. The temperature defining current and voltage were experimentally determinedfo rth eDCpowersourceasP=0.8Wa tV=8.0V;whereP is the electrical input power in Watts and V is the corresponding voltage in Volts. These values corresponded to the temperature profile obtained by [26] using an un-finned back plate. However, the difference in the heat source was that, instead of the irradiance from a solar simulator causing the temperature rise, the insulated flexible heaters were used. A detailed explanation for this is given in Section 4.1.I tw a sc o n c l u d e df r o mt h e experimental results in [26] that for a BICPV system, application of PCM alone led to a 4°C reduction in the average system temperature and a considerable increase of 8% in the electrical efficiency. In this paper, however, we have further focussed on the individual as well as the combined thermal effectiveness of the various passive thermal regulation techniques. The temperature profiles obtained from the following six test cases were compared and their performances evaluated: (i) un-finned plate referred to as plate, (ii) plate with PCM, (iii) plate with n-PCM, (iv) microfinned plate, (v) micro-finned plate with PCM, and (vi) micro-finned plate with n-PCM. The uncertainty analysis, based on experimental uncertainties, was also considered and a numerical model based on Comsol Multiphysics® is also presented here. In order to compare the thermophysical properties such as melting temperatures, latent heat of fusion and specific heat, thermograms were obtained for the PCM and n-PCM samples using a Differential Scanning Calorimeter (DSC). The underlying motivations which drive this research are briefly discussed here.
• The total global installed PV capacity was 303 GW by end of 2016 [28] . With the temperature dependence of the output electrical power as high as −0.5%/°C [5] , every 10°C decrease in temperature could lead to an increase of 5% in power theoretically. Therefore, a 5% electrical efficiency improvement via effective thermal management could contribute to an increase of 15.15 GW in worldwide electricity production.
• It has been reported that the hot spot problems due to thermal disequilibrium in the PV have been a highly probable cause of high degradation rates for PV modules as well as losses in I sc at high temperatures [29] , in addition to other unavoidable factors such as soiling, component failure and ineffective operation. In the long term, the use of PCMs for thermal regulation has the potential to extend the lifetime of the BICPV by reducing the hot spots [26, 30] and maintaining a thermal equilibrium within the system. Consequentially, this may reduce the intensive energy required for the production of the PV cells and mitigate the associated environmental impacts.
• The proposed use of micro-finned surfaces for BICPV heat dissipation and their combined use with PCM and n-PCM are the novelties reported within this paper. The results from the assessment of thermal regulation benefits achieved by introducing micro-finning, PCM and n-PCM into BICPV will provide pivotal information about their applicability in the future. It can also influence the prospects for low concentration BICPV systems will be manufactured in the future. This may have a significant impact on how these systems will be manufactured in the future.
Literature review
A literature review summarises the available methods for thermal regulation of BICPV and recent developments in the use of PCMs, n-PCMs and micro-fin based heat sinks. This section further explores the importance of TCE for enhancing the thermal conductivity of PCMs and compares the benefits of n-PCM over PCM.
Thermal management of BICPV
Enhancing the electrical efficiency of BICPV and/or improving their lifespan requires efficient thermal management via a process that entails limited investment and doesn't increase the system bulk. The six main available PV thermal management techniques are [31] : (a) natural and forced air circulation, (b) extensions or fins, (c) hydraulic means, (d) thermoelectric means, (e) heat pipes and (f) PCM. The two key modes of thermal management (active and passive) and the two fundamental mechanisms (sensible and latent) by which the selected cooling media (such as such as air, water and oil) are utilised have a certain degree of overlap ( Fig. 1) .
Active cooling has been established as an effective means for temperature control of PV applications by numerous authors, through both experimental and simulation works. To list a few, the authors of [32] achieved a temperature reduction of up to 22°C by spraying water over the PV frontal surface using water pumping systems. In two separate studies, the PV array power increased in the range of 21% [33] and by 9-22% from the reference values [34] . The authors of [35] experimentally proved that using an air blower, the actively cooled PV cells showed an increase in electrical efficiency from 8-9% to 12-14%. By using a parallel array of ducts with inlet/outlet manifold for uniform airflow distribution at the rear side of the panel, the temperature dropped from 68°C to 38°C with active cooling. However, the additional costs of operating the blower or pump for active cooling were not reported and could be higher than the electrical efficiency improvement produced.
Though the high energy density of latent media reduces the heat losses to the surroundings due to the reduced storage sizes, in their study [36] concluded that it was uncertain whether the energy density benefits were useful for a typical solar cooling application. In another study, [37] deduced that there were no significant differences between the performances of the latent and the sensible media. They also found that although PCM did not prove greatly beneficial in terms of either the efficiency or the cost in exergy to be supplied to the store or thermal power characteristics, they could still be preferred due to their compactness. It was established by [38] through an experimental analysis that latent systems were a viable option for solar heat energy storage and that they could be utilised as a substitute for domestic solar applications. Previously, passive cooling was not considered feasible for densely packed cells or for linear concentrators with high concentration ratios above 20. However, in recent years, passive cooling technologies have become more acceptable for CPV applications as they possess greater reliability and are safer than forced flow, which has a higher damage probability caused by the active cooling failures [31] . A comparison between active cooling (forced air) and passive cooling (PCM) modes by the authors of [16, [39] [40] [41] [42] [43] [44] revealed that passively cooled systems showed better performance at high discharge rates, high operating temperatures and ambient temperatures of over 40°C without expending significant fan power. With PCM, the cell temperature remained below the upper safety limit of 55°C in high constant-rate discharge with an ambient temperature of up to 52°C. This was not feasible using active cooling due to the high air flow rate demand close to the turbulent range that is beyond the practical range for vehicular applications. However, the authors suggest that in this case, the expense of electric power for running the fan was relatively small. Examples of passive cooling of PV using micro-channels [45] , micro fins [46] and with PCM [44] are commonplace and are discussed in the subsequent sections.
Introduction to PCM and n-PCM
PCMs are materials used for heat absorption, storage and recovery and are often employed in renewable energy systems due to the intermittent and unpredictable nature. They are analogous to heat batteries and contribute to the applied system for rationalising and uniformly spreading the use of energy over a period of time. As a latent media, PCMs are preferred where higher storage densities are required, entailing a smaller volume of material with high latent heat [47] . In reallife scenarios, the latent heat changes are accompanied by sensible heating before and after the phase change, hence the mathematical expression for phase change is given by Eq. (1). However, the sensible heat effect is often negligible compared to the latent heat during phase transformations, therefore to calculate purely the latent heat Eq. (2) [48] can be used.
where Q l is the latent thermal energy (J), Q l, overall is the overall thermal energy during phase change (J), m is the mass of the PCM (kg), C p is the specific heat of the PCM (J/kg K), ΔT is the change in temperature (K), and H L is the latent heat capacity of PCM (J/kg). The use of PCM for the cooling of electronic devices is elaborated in [39] whereas PCM applications in PV and BIPV are further discussed in this section. The use of PCM in PV applications first emerged as a patent reported almost four decades ago by Stultz in 1978 [49] . In their work, [50] evaluated the annual energy saving for a PV-PCM system in a geography with extremely high temperature. They reached the conclusion that the use of PCM reduced the average PV peak temperature by 10.5°C thus increasing the annual electrical energy yield by 5.9%. The authors of [30] produced a numerically simulated model for the electrical and thermal behaviour of a CPV-PCM system with concentration ratios of 5 and 20, and PCM thickness of 0.05 and 0.2 m at various inclination angles (−45°to 90°). They found that at 45°, the system attained the minimum average temperature, highest electrical efficiency and reasonably uniform solar cell temperature. PCM also prevented the hot spot formation caused by the overheating of the PV cells, which may permanently damage the cells if the temperature reaches and maintains a critical value [51] . Not only do PCMs contribute to temperature reduction and increased electrical power yield of the PV/CPV, but they can also increase the life of a PV panel. This was proved by [52] through their experimental work using three 65 W polycrystalline PV panels with two types of solid-liquid PCM installed in two different climatic conditions. The cost-benefit analysis outcome of PV-PCM systems in the environment with higher solar radiation proved the technique to be financially viable.
In order to overcome the inherent low thermal conductivity of paraffin wax based PCM, a metallic nanomaterial can be added to the base PCM as a TCE. The nanoscopic properties of materials differ significantly from their corresponding macroscopic properties [53] and the extremely minute particle size, along with the increased surface area, display unique behaviour thereby creating vast potential for nanomaterial applications [54] .
Experimental investigation in [55] was carried out to analytically investigate the heat transfer characteristics and thermodynamic behaviour of six spherically enclosed pure PCMs and PCMs with dispersed nanoparticles. Both steady state and transient conditions were studied for several heat generation parameters throughout freezing and melting cycles. It was observed that the solidification time reduced by 12.97% for PCMs dispersed with aluminium nano-particles. With a TCE volume fraction of 0.07, the solidification time was recorded as 13,820 s as compared to 15,880 s for the pure PCM (60% n-tetradecane: 40% nhexadecane). In [56] , the authors investigated the constrained melting of PCM (n-octadecane) dispersed with a TCE (CuO nanoparticles) in a horizontal cylindrical vessel under a constant heat flux, both experimentally and numerically. They emulsified the PCM with CuO nanoparticle in varying mass fractions (1%, 3%, and 5% by mass) and concluded that the addition of TCE increased the effective thermal conductivity and improved the melting process of the PCM. The rate of melting process was higher at a lower value of nano-additives but this rate decreased for higher values of nanoparticle concentration because of the growing effects of viscosity, agglomeration and sedimentation. The authors of [57] , studied the effect of CuO nanoparticles (average size 30-40 nm) on the thermal conductivity of paraffin wax, and the results revealed a direct correlation between the nanoparticles volume fraction in the suspension and the effective thermal conductivity of the nanofluid. It was also found that a decrease in nanoparticle size initiated increased Brownian motion of the particles, leading to more particle-to-particle interactions. Various underlying phenomenon such the lowering of the fluid viscosities and the interaction of the fluid with the nanoparticle surface, which produced a shell of ordered liquid molecules on the particle surface that transmitted energy (via phonons), to the bulk of the fluid were considered. This energy transmission resulted in greater effective thermal conductivity of the formed suspension, which was measured experimentally to compare with a variety of models. However, the models could not predict the thermal conductivities of the nanoparticle suspensions accurately. The authors of [58] studied the effect of PCM with dispersed nanoparticles, on the melting process in a square cavity, neglecting sub-cooling effect. They concluded that along with the increase in thermal conductivity, there was a decrease in latent heat of fusion and higher heat transfer rates from the use of n-PCM. In [59] , the authors suggested that the dispersion of the Cu nanoparticles in the base PCM could increase the thermal conductivity and melting rate while in [60] they improved the melting/ solidification of PCM using radial conductive fins and nanoparticles in cylindrical annulus. They concluded that although n-PCM showed enhancement in the melting/solidification rate, it did not improve the heat transfer at the bottom section of the annulus. On the other hand, fins proved more efficient during the solidification process due to the suppression of the natural convection effect during the melting process.
Accurate assessment of the thermo-physical properties of PCM/n-PCM plays a vital role in assessing their suitability for any application [61] . The phase change temperature range, especially for the melting process, is a deciding parameter for the selection of PCM in PV systems. This data is also required to justify the quantity of PCM required for effective heat transfer. DSC is the standard measurement method for the thermal analysis and characterisation of crystals, alloys and polymers, including PCM [62] . The application of DSC to measure the melting temperature and heat capacity of beeswax/CuO based nano-PCM was performed in [63] and it was inferred that the melting temperatures with 0.05, 0.1, 0.15, 0.2, and 0.25 wt% were of 63.62°C, 63.59°C, 63.66°C, 63.19°C, and 62.45°C respectively. There were no chemical interactions between CuO and wax as found using thorough testing and though the thermal conductivity showed an increase, the heat capacity decreased, which apparently did not affect the nano-PCM performance. Thus, the resultant heat transfer of nano-PCM was faster than the base PCM. In another study, [64] examined the effect of alumina and cupric oxide nanoparticles on the thermal performance of paraffin wax (dispersed with 0.5%, 1%, 3%, 5% and 10% by volume of nanoparticles) and concluded that each TCE only marginally increased the thermal conductivity. However, alumina performed slightly better due to a smaller increase in the dynamic viscosity and because of higher thermal conductivity; an underlying reason for the ease in melting for conduction dominated solidification process. The authors argued that the economic viability for the technology due to stability and cyclic durability was still questionable [64] . The experimental work in [65] suggested that TCE were almost two times as effective in RT25 (lower melting temperature range) than in RT42 (higher melting temperature range) during the melting process, and five times in solidification. Further, studies using RT42 (the PCM used for the experiments within this publication) showed that the addition of metal based TCE, even in lower volume fractions (< 4%), greatly improved the heat transfer characteristics of the PCM. They also concluded that higher volume fractions of TCE do not always lead to better thermal regulation and that the distribution of the TCE within the PCM mix had a considerable effect on heat transfer.
Introduction to micro-fins
Micro-fins, intended as extended surfaces for improving heat transfer, have at least one micro-scaled dimension. Micro-fins have been effectively integrated with optoelectronic systems [66, 67] , with condensers or evaporators for cooling systems and air conditioning devices [68] and with tubes in brine coolers [69] to enhance heat transfer rate. Proven to offer better thermal performance as well as higher mass specific power, micro-fins have been found to provide up to 50% higher power to mass ratio in contrast with conventional heat sinks [46] . Fins also provide larger heat dissipation capability which means the size of heat exchangers could be more compact, entailing less refrigerant load in a cooling system. The use of micro-fins has been preferred to forced convection due to their noiseless operation and no external power requirement, thereby offering a less expensive alternative [70] . Even though micro-fins may not always increase the heat transfer substantially, they prove beneficial in terms of material usage and can be considered useful for applications dependent on weight minimisation of heat sinks [71] , a critical aspect in the design of BICPV systems.
The fundamental mode of heat transfer in a micro-fin is via convection but the contribution of radiation should not be neglected [72] . While numerous studies have been undertaken for natural convection around fins and micro-fins, the existing heat transfer correlations appear insufficient for emerging technologies such as micro-fluidics and nanostructured devices etc. [70] . The authors of [73] have extensively analysed the correlation between the fin geometries and heat transfer coefficients, effects of fin orientation, and influence of fin thickness and proposed a modified correlation based on their experimental investigations. The effect of micro-fin height (between 0.00025 and 0.0010 m) and micro-fin spacing (from 0.0005 to 0.0010 m) on heat transfer coefficient under steady state natural convection were published in [74] . The results showed that the convective heat transfer coefficient increased with the increase in fin spacing and decrease in the fin height. The highest value was recorded for the lowest fin height at a spacing of 0.0010 m while the heat transfer coefficient reduced by 34.8% due to an increase in the fin height from 0.00025 m to 0.0010 m for a fin spacing of 0.0010 m. The computational fluid dynamics modelling results were found to agree with the experimentally obtained correlations. The authors of [75] reported the advantages of microstructured roughness on heat transfer performance of heat sinks, cooled by forced air and showed that a 20% enhancement was observed for finned heat sinks compared to the milled ones. Applications of fins [4, 76] and micro-fins [46] for the passive cooling of a CPV system have been successful. In [77] , a micro-finned surface showed a reduced temperature compared to an un-finned flat silicon wafer in a high concentration CPV module and they also enhanced the mass-specific power from about 60 W e /kg to more than 300 W e /kg compared to conventional CPV systems.
The introduction of a micro-finned back plate for low concentration BICPV has not been studied before. In this paper, the notion of introducing micro-fins to BICPV systems has been explored, along with the potential use of PCM/n-PCM for their thermal regulation.
Combined use of passive thermal regulation
The use of passive mechanisms in tandem for the thermal regulation of PV has been reported by several authors of late, the findings from which are summarised in this section. In their review on the performance enhancement of the solar cells using various cooling methods, the authors of [78] summarised that the addition of a PCM layer alongside fins on the back of the module was found to effectively increase the electrical efficiency of the PV cells. The authors of [60] performed a numerical investigation on melting, solidification and heat transfer rates of PCM (using n-eicosane) and studied the effect of mixing PCM with different volume fractions of 80 nm Copper (Cu) nanoparticles. Results demonstrated that using 2% and 4% volume fractions of Cu nanoparticles led to a respective reduction in full melting time by 25% and 46% while full solidification time fell by 9% and 16%. Similarly, by mounting 4, 10, 15 and 20 fins, the respective solidification time reduced by 28%, 62%, 75% and 85% while full melting time reduced by 39%, 73%, 78% and 82% respectively. They concluded that adding nanoparticles accelerated the melting and solidification rate via enhanced heat conduction of the mixture and that the top section melting rate was higher than at the bottom owing to natural convection. Having fins led to more significant improvements, especially during solidification, because of restrained natural convection during melting. The authors of [79] experimentally examined PCM-based heat sinks for electronic equipment cooling using PCM n-eicosane and 33, 72 and 120 pin fins as TCE. With 72 pin fins, the enhancement factor was found to be 21, which was the maximum since as the number of fins increased beyond this, the heat transfer was reduced. Clearly, fins contributed to the enhanced operational duration for the electronic devices and heat transfer performance was determined by the PCM mass as well as the fin volume fraction.
To analyse the impact of fin geometry (fin-length, fin-ratio and the angle between adjacent fins) and the thermal conductivity of the outer tube material on the PCM melting process, the authors of [80] carried out a detailed numerical study on a sleeve tube with internal fins. The numerical model mostly agreed with other published experimental and numerical results. The results indicated that the PCM melting time could be decreased by a small fin-ratio to a certain extent. Although the angle between the adjacent fins had only a slight effect on the melting, the thermal conductivity of the outer tube material proved to greatly impact the melting process whether or not natural convection was taken into consideration. Further, reducing the fin-ratio to increase the melting speed did not show any notable effect while the presence of natural convection had a high influence on melting. Also, the angle of 60-90°between the neighbouring fins under natural convection showed the highest effectiveness. It has been reported in [81] that though nanomaterials already possess high potential for use with PCM, the low number of existing patents on synthesis methods demonstrate the need for accelerated development in this field.
3. Design and manufacturing of the micro-finned -PCM system
Design
The design of the PCM containment system was based on the heat transfer equations from [26] , with the outer dimensions of the system as 0.036 m × 0.035 m × 0.035 m and an internal wall thickness of 0.003 m (Fig. 2 ).
An internal step of 0.0005 m was cut to fit the aluminium plate of dimensions 0.030 m × 0.029 m × 0.002 m with 20 micro-fins on the back, each having 0.001 m thickness, 0.0005 m height and 0.0005 m spacing between the fins. An insulation of 0.015 m thickness was used to cover the assembly. This value was chosen considering the critical thickness for insulation. Macro-view and specific dimensions of the micro-finned plate are summarised in Fig. 3 .
Materials and manufacturing
The sub-sections below present an overview of the outsourced materials used for fabricating parts of the micro-finned-PCM system including heating element, micro-finned plate, PCM containment, PCM, and nanomaterial. In addition, it outlines the processes involved in manufacturing and assembling the system.
Heating element and micro-finned plate
An aluminium plate was used as the heat sink as well as the mounting plate for Omegalux® Kapton flexible heaters (Omega® KHLV-101/10-P). With a flexible nature and adhesive backing suitable for both flat and curved surfaces, the heaters were rectangular 28 V units, with a thickness of 0.000254 m, Watt density of 105,500 W/m 2 and supplied with 0.30 m of Teflon insulated lead wire. The fins at the back side of the aluminium plate were manufactured using the micro-milling machine at the University of Strathclyde (UK). Aluminium was selected to emulate the experiment performed in [26] , however, a plate thickness of almost 1.5 times higher than in [26] was selected due to the practical challenges of down-scaling. The aspect ratio of 1.1 contributed to the robustness and durability of the component against bending. The design data for the system is given in Table 1 .
PCM containment
This innovative PCM container was 3-D printed using Acrylonitrile butadiene styrene (chemical formula (C 8 H 8 )x·(C 4 H 6 )y·(C 3 H 3 N)z thermoplastic polymer), commonly known as ABS plastic as opposed to traditional manufacturing methods. To date, the PCM containment have been fabricated using machining and manually assembled using gluing, screwing and adhesives. The key reasons for 3D printing were to: (a) avoid the leakage issues associated with paraffin wax based PCM in molten state, (b) enable light-weight construction with ABS plastic (720-800 kg/m 3 ) as compared to acrylic (1160-1200 kg/m 3 ) or PMMA (1190-1230 kg/m 3 ), (c) reduce overall manufacturing time (less than a working day as compared to three working days for other routes), save material (no wastage in trimmings and cuttings) and manual costs, and (d) improve scalability and ease of batch production for future use on a commercial scale. For printing the PCM containment for the micro finned plate, uPrint SE 3D Printer powered by Stratasys' patented FDM® (Fused Deposition Modelling™) technology was used. The three-step process for model creation and printing prescribed by the manufacturer was followed.
PCM
Organic paraffin wax based commercially available PCM, Rubitherm RT42 (melting range: 38-43°C), was selected for the experiment due to its use in previous experiments which were emulated within this work. This solid-liquid PCM has a high latent heat of fusion (174 kJ/kg), low super-cooling, chemical non-reactiveness, low vapour pressure, self-nucleating properties, non-toxicity, environmentally friendly attributes and relatively cheaper costs (US$ 6.5/kg). The other important PCM technical specifications could be referred to from Table 2 . It should be noted that the PCM used for the experimental purpose was recycled.
Nano-CuO
Copper (Cupric) oxide nanoparticle or nano-CuO with average particle size of 60 nm was selected as a TCE for the organic PCM, the properties for which are given in Table 3 .
The rationales for selecting CuO are given below:
• • Non-oxidising and non-reactive with paraffin wax based materials.
• Ease of availability.
• Safe for use, non-toxic [82] , whereas Alumina (Al 2 O 3 ) nanoparticles are known for their environmental toxicity [83] .
n-PCM
The n-PCM was synthesised by mixing 0.5% (by mass) nano-CuO with PCM RT42 at 60°C to ensure the fully melted state of the PCM. The mixture was then ultra-sonicated using a Hilsonic® ultra-sonicator machine for 24 h. The possibility of agglomeration within the nano-PCM was minimised by using the ultrasonic vibrator [84] . A low mass fraction of CuO was selected for the initial testing as the lower concentrations of TCE were found to show higher energy storage capacity with lesser costs involved [56] . It was envisaged to investigate the effect of variation in mass fraction on performance in a future work, hence this consideration does not fall in the immediate scope of this paper.
Experimental set-up and procedure
For these experiments, two rectangular aluminium plates were considered, one un-finned for benchmarking purpose and another with plate micro-finned geometry. The aluminium plates (either with or without the machined micro-fins) were fitted on the 3-D printed PCM containment which was insulated with a 0.002 m thick polystyrene layer (0.03 W/m K) on all sides. The Kapton heaters were glued on the top flat surfaces of the plates, acting as a resistive heat source. 8.0 W DC electrical power input was applied using Aim-TTi EX354RD dual DC power supply. Temperature defining voltage and current were set to emulate the temperature rise in the BICPV system as experimentally determined in [26] . As the maximum temperature attained within the aluminium back plate under the highest possible solar irradiance (1200 W/m 2 ) achieved using the solar simulator was 60°C [26] , for the Fig. 2 . PCM containment design drawn using Solidworks®; all dimensions are in mm.
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tests within the present experiment, 70°C was reached at the selected DC V, I (i.e. at P = 0.8 W). This is to account for the insulation effect applied in this case contrary to the BICPV system, which was open on all sides for natural convection and if it was insulated to avoid radiative and convective losses, the temperature rise would have been higher. The schematic of the experimental set-up is shown in Fig. 4 . The thermocouples, as shown by the dots, were located above the insulation layer to record the nearest ambient temperature, above the plate, under the plate and in the mid-section of the PCM containment to record the central PCM temperature for the different configurations. The instantaneous input current and voltage were recorded using a Fluke® 115 service engineer's digital multi-meter. Temperature measurements were recorded every 5 s for 2.5 h using an RDXL12SD 12channel temperature recorder. All the four K-type thermocouples were calibrated before taking measurements. They were attached at the centre of the top and the bottom side of the aluminium plate, in the middle of the PCM containment and over the insulation layer on top of the system (Fig. 4 ). An additional thermocouple was placed on the outer side of the containment wall in few configurations to detect the heat escaping through side walls. The entire experimental set-up was then enclosed within 0.2 m × 0.2 m × 0.2 m insulated walls, covered on top with an open front, to shelter it from any mechanical or environmental damages. All the experiments were carried out indoors under ambient temperature conditions between 25.6°C and 27.7°C and relative humidity between 21% and 33%. Each stage of the experiment was repeated three times to take the experimental variability into consideration and the average of the three values are presented here. The system acquired steady state after 100 min in most cases from the experiment start up time. The following test cases/configurations were selected with all possible combinations of micro-fins, PCM and n-PCM: (i) flat (un-finned) plate, (ii) plate with PCM, (iii) plate with n-PCM, (iv) micro-finned plate, (v) micro-finned plate with PCM, and (vi) microfinned plate with n-PCM.
DSC procedure
To analyse the thermophysical properties of the PCM and the n-PCM, Netzsch DSC 214 Polyma DSC was used. For material characterisation, 0.00001 ± 0.0000015 kg of the samples were manually weighed and sealed in an aluminium crucible with > 99.5% purity. The crucibles were selected in such a way that the difference in their mass was less than 0.00000001 kg, for ensuring measurement precision [85] . 
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The lids were perforated using the standard perforation tool to avoid the building of vapour pressure during phase change. The pans were then covered with the pierced lids and were cold welded using a manual mechanical sealing press. Two samples were tested for each type of PCM in order to ensure accuracy and repeatability in the results as the sample was arbitrarily selected from the bulk. For calibrating the instrument, five standards (C 10 H 16 , Indium, Tin, Bismuth and Zinc) were heated throughout their melting temperature range based on the identical conditions (such as atmosphere and heating rate), which were to be used in subsequent measurement runs with the samples. A comparison was drawn between the theoretically known and the observed melting points of the standard materials to determine the resulting difference. In order to run the measurements on the samples and deduce their melting temperature and heat of fusion, the following procedure was adopted ( Fig. 5 ):
(i) Baseline run: with two empty crucibles of the same mass, out of which one was the reference crucible. A flat baseline was obtained (the empty pan curve in black in Fig. 5 ). (ii) Standard run: also called the calibration substance run with the Sapphire disc (the blue curve in Fig. 5 ). In this, one crucible was run empty and the other one with a standard material of known specific heat and mass (Sapphire disc) were used. The smallest Sapphire disc (Ø = 0.00025 m) supplied with the instrument with the mass of 12.707 ± 0.005 mg was selected for the standard run.
(iii) Sample run: also called the sample run with the real sample (red curve in Fig. 5 ), in which one empty reference crucible and another with a known sample material and mass was used.
To ensure that the samples undergo the same thermal cycle of charging and discharging, a temperature program was created in Expert mode of the DSC program, which is summarised here. The samples were cooled down to 0°C from room temperature to standardise the beginning of the process. After maintaining a 5-min isotherm at 0°C, recommended for achieving a uniform temperature distribution across, the samples were heated dynamically at the same rate to 75°C followed by another 5-min isothermal heating (Fig. 6) . The samples were then subjected to the cooling cycle from 75°C to 0°C at the same rate and an emergency cut-off was set at 95°C to avoid any accidental superheating failure. In a real world, a BICPV panel experiences a rapid transition in the heating rate under the sun from 10 K/min at the start to 2 K/min after reaching the steady state. To replicate this, three heating rates of 2 K/min, 5 K/min and 10 K/min were selected to study the effect of heating rate on the resulting values of thermophysical properties. Each run was repeated three times and the final values were averaged for accuracy and precision.
Experimental uncertainty and setup validation
The uncertainty of the experimental and the calculation processes was measured as described by the previous works in this field [73, 74] , by applying the formula on propagation of errors for independent variables [87] . In particular, the error occurring in determining the heat transfer coefficient of air in an un-finned configuration was calculated to determine the experimental uncertainty, where the heat transfer coefficient, h, is defined in Eq. (3) [8]:
where Q in is the input power, A fins is the finned surface extension and T fins and T air are the steady state temperatures of the fins and of the air inside the containment respectively. Therefore, the uncertainty (Uh) was determined in Eq. (4) [8] : 
where the prefix U indicates the absolute uncertainty for each variable. In accordance with [73] , a conservative uncertainty of ± 4% was considered for the surface area of the micro-finned/un-finned plate. The applied electrical power was calculated from the supplied current and voltage measurements, which were measured in the proximity of the input connections to the heater. In accordance with the previous studies, no voltage drop was considered to have taken place in the wires between the power supply and the heater. All the uncertainties used in this analysis are shown in Table 4 . Furthermore, an average deviation of 1.0% was measured between the voltage readings and thus, taken into account for this calculation.
Taking into account the steady state conditions, (8.0 V and 0.101 A of input, fin temperature of 68°C and air temperature of 42°C), an uncertainty of 12.6% was found in the calculation of the heat transfer coefficient. This value agrees with those reported in previous experimental micro-fins investigations [71, 73, 74] and is below the 20% uncertainty span generally considered acceptable for natural convection correlations [88] .
The quality of the experimental setup was then validated through a 2D model built in COMSOL Multiphysics® 5.2. Considering the simplest case of an initial investigation into validation modelling, it was based on a sufficiently appropriate 2D geometry. The behaviour of the flat surface, when exposed to air within the containment, was modelled and then compared with the experimental results. The flat aluminium plate was reproduced on top of the setup (Fig. 7a) , the containment box ( Fig. 7b) was modelled using the built-in properties of acrylic plastic (1470 J/kg K, 1190 kg/m 3 and 0.18 W/m 2 K) and the centre of the setup is depicted in Fig. 7c . A 1.5 cm thick insulating layer made of polystyrene (1900 J/kg K, 930 kg/m 3 and 0.38 W/m 2 K) was placed on each side of the containment box. A heat flux of 0.8 W was applied to the aluminium plate and natural convection forces were simulated on the exterior surfaces of the polyethylene. The bottom surface of the setup was assumed to be mounted on a surface large enough to be at a constant temperature, such as a table. Under steady state conditions, the model returned the results as shown in Fig. 7 , with a peak plate temperature of 70.9°C, against the 68.0°C experienced during the experiment. The temperature of the air at the centre of the box was found to be around 43.0°C. The modelled setup returned a coefficient of heat transfer of 33 W/m 2 K, which was about 8% lower than that registered in the experimental case. This difference falls within the experimental uncertainty calculated before, proving the reliability of the setup.
Results and discussion

Thermal characterisation of the micro-finned -PCM system
To emulate the temperature profile of the BICPV in the designed thermal system, insulated flexible heaters working on the principle of resistive heating, were used. In order to select the appropriate values of the input voltage and current (V, I) to produce the output power required to produce similar thermal effects, the un-finned plate was characterised for various input V, I combinations without PCM. The corresponding values of power and temperature were recorded for the duration of the experiment, at an interval of 30 min each. The resulting data is presented in Table 5 . It was found that out of P = 0.52 W (at V = 5.0 V), P = 0.62 W (at V = 6.5 V) and P = 0.80 W (at V = 8.0 V), P = 0.80 W yielded the closest electrical power input required for producing the same thermal effect as reported for the BICPV in [26] . As can be seen, the maximum temperature reached by the system (under the plate) with P = 0.52 W was less than 46°C and with P = 0.62 W was less than 57°C. However, with P = 0.80 W, the maximum temperature reached was over 70°C and hence, it proved to be the ideal power setting for emulating the BICPV temperature profile.
During the experimental run, the temperatures across the system were recorded at these points on a vertical section: (a) T1 or ambient temperature above the insulation layer, (b) T2 above the plate centre, (c) T3 below the plate centre, and (d) T4 at the centre of the PCM containment. A comparison of the average temperatures obtained across all the six configurations are given in Fig. 8 . The bar graph is plotted in such a way that the effect of introducing micro-fins on the unfinned surface can be easily compared for the three cases of using natural convection, PCM and n-PCM. As can be observed, the temperatures T2, T3 and T4 were recorded at their highest for the un-finned configuration, followed by the micro-finned configuration with only natural convection cooling. The same trend was followed for the configurations entailing the use of PCM and n-PCM respectively. It is to be Fig. 6 . The temperature program for the thermal cycle with the different temperature steps. Table 4 Instruments' measurement uncertainties, as reported in the datasheets.
Instrument
Datasheet's uncertainty Fluke® 115 service engineers digital multimeter ± (0.5% + 2 digits DC voltage from 0.001 V to 600 V DC current from 0.001 A to 10 A RDXL12SD 12-channel temperature recorder ± 0.4%Measurement range (K-type) : −100°C to 1300°CMeasurement resolution (Ktype) : 0.1°C below 538°C, 1°C above 538°C noted that the ambient temperature closest to the shielded set-up, T1, remained relatively unchanged for all the configurations, which was desirable for ensuring a constant ambient temperature throughout each run. The magnitude of the reduction in T4, the temperature at the centre of the PCM containment, was appreciable for the case with PCM and n-PCM. However, if either the experiment was run for a longer duration or the set-up used a greater amount of PCM/n-PCM, this value would be expected to change. For the cases (i), (ii), (iii), (iv), (v) and (vi), the maximum values of the temperature above the plate, T2, were registered as 72.1°C, 66.1°C, 63.5°C, 71.7°C, 63.8°C, and 62.6°C respectively. Similarly, the maximum values of the temperature below the plate, T3, were recorded as 70.2°C, 65.6°C, 60.8°C, 63.3°C, 63.0°C, and 63.0°C respectively. The maximum temperatures followed the same trend as the average temperature values.
The average temperatures across all the four locations have been shown in Fig. 9 to present an alternative visual perspective for the readers. As can be seen, T2, T3 and T4 were considerably higher in unfinned configurations compared to the micro-finned configurations. The use of both PCM and n-PCM, significantly reduced the average temperature. In the micro-finned systems, the average temperature at the plate centre was reduced by 10.7°C (15.9%) with the use of PCM and by 12.5°C (18.5%) with n-PCM. Similarly, in the un-finned system, PCM reduced the average temperature at the plate centre by 9.6°C (13.9%), and n-PCM by 11.2°C (16.2%). It was inferred from this data that micro-finned surfaces offered higher cooling potential compared to the un-finned surfaces, with at least 2% greater improvement with PCM and 2.3% with n-PCM. It can further be deduced that the sole use of micro-fins does little to reduce this temperature, while PCM provides a greater reduction in temperature for systems both with and without fins. Furthermore, enrichment of PCM with nanoparticles yields a small but noticeable decrease in temperature.
On an average, the steady temperature at the centre of the plate measured below it, without any passive cooling provision, was reached within the first 100 min of the start-up. The temperature outside the PCM containment was measured to assess the extent of thermal insulation provided by the walls and for determining any radiative losses from the walls. It was observed that the walls were thermally insulated and only a small amount of heat could escape. The average temperatures below the plate, T3, for various configurations are plotted in Fig. 10 . With natural convection, there was a rapid temperature rise in the beginning for both un-finned and micro-finned surfaces. The temperature reached 65°C within the first 25 min of the start-up. However, with PCM, the temperature surpassed this value only for the un-finned configuration, after 120 min, thereby delaying the process by almost a factor of 5. For micro-finned surfaces with PCM, the temperature remained well below 64°C for the entire duration of the experiment.
The temperature in the PCM containment centre was another area of interest, as this ascertains the extent of PCM phase transformation. The average temperature inside the centre of the PCM containment, T4, for all the configurations are plotted in Fig. 11 . As can be seen, both the surfaces, with and without micro-fins under natural convection, Fig. 7 . Results of the COMSOL model for an un-finned plate exposed to air under steady state conditions. The flat aluminium plate, containment and air are marked as (a), (b) and (c) respectively; the polyethylene layer is not reported. The temperature scale is in°C, the dimensions are in mm. The locations of the thermocouples (T1, T2, T3 and T4) are represented as well. experienced a much higher temperature rise during the first 40 min and exceeded 45°C before 140 min. With the use of PCM, the un-finned surface reached its peak at 43.6°C and the micro-finned surface recorded 41.7°C towards the end of the experiment. With the use of n-PCM, both the un-finned and the micro-finned surfaces remained below 41.5°C throughout but there was very little difference in the temperatures for both the surfaces. The effect of nanomaterial addition seem more pronounced with the un-finned surface as compared to the micro-finned surface because the difference between the two curves was greater than for un-finned surfaces. The reason behind this is unexplored so far, and may require further detailed analysis to confirm.
The results from these experiments as discussed above are presented below in terms of four key parameters for understanding the effectiveness of each individual passive cooling media in isolation as well as in combination. Their respective contribution to the thermal regulation of the system was defined in terms of the difference in the average temperature reduction (ΔT in°C) achieved by the system in their presence as compared to their absence. The two configurations were the un-finned and the micro-finned surfaces.
(i) PCM effectiveness -quantitatively determines the efficacy of PCM within the two configurations w.r.t. natural convection.
Results showed that with the use of PCM, average temperature reduced by, ΔT = 9.6°C (un-finned surface) versus ΔT = 10.7°C (micro-finned surface). (ii) n-PCM effectiveness -quantitatively determines the efficacy of n-PCM in the system versus natural convection employed within the two configurations. n-PCM usage led to slightly higher temperature drop in the micro-finned surface, with ΔT = 12.5°C compared to the un-finned surface, with ΔT = 11.2°C. (iii) n-PCM effectiveness (versus PCM) -compares the relative effectiveness of n-PCM to that of PCM in the two configurations. It was found that configurations with n-PCM achieved ΔT = 1.5°C
(un-finned surface) versus ΔT = 1.7°C (micro-finned surface). (iv) Micro-fine ffectivenessquantitatively determines the effectiveness of micro-finned surface w.r.t. the un-finned (flat plate) with the three temperature regulation media (natural convection, PCM and n-PCM). Comparing the results, it was found that the micro-fins were capable of achieving ΔT = 1.3°C (natural convection), ΔT = 2.5°C (with PCM) and ΔT = 2.7°C (with n-PCM) as compared to the un-finned plate under the similar conditions respectively.
As can be noticed, the micro-finned systems exhibited more effective thermal regulation as compared to the un-finned systems. In addition, the configurations using PCM demonstrated higher temperature reduction in comparison to non-PCM systems and consequently n-PCM performed better than PCM in thermal regulation. Another interesting theoretical aspect of this attained temperature reduction can be its correlation with the increase in the output electrical power. Based on an analytical method, the achieved temperature reduction could be converted to the increase in electrical efficiency and consequently power production for a BICPV. Assuming the temperature coefficient of maximum power point as −0.5%/°C [5] , which is a ball parked value for the BICPV panel, 12.5°C decrease in its average operating temperature using n-PCM with micro-fins will theoretically lead to an increase of as high as 6.25% in output power. Similarly, with the use of PCM and micro-fins, an 11.2°C reduction in average temperature could increase the maximum output power by 5.60%. Even in the worst cases scenarios of either using PCM with un-finned plate or PCM with micro-fins, a reduction of 10.7°C and 9.6°C will also result in 5.35% and 4.80% of electrical power gain respectively. It is worth noting the effect of each configuration on the heat transfer ( Fig. 12) .
Indeed, both for the un-finned and the finned surfaces, replacing air with PCM led to an increase in heat transfer coefficient between 16% and 35%. These results further confirm the advantages of using PCM in heat transfer applications and its potential as an effective coolant in BICPV systems. On the other hand, in accordance with the previous literature [70, 74] , the introduction of fins causes a reduction in the heat transfer coefficient. A lower heat transfer coefficient should not be implied as a cause for reduction in thermal performance since it was mainly due to the fact that the heat transfer coefficient was calculated on the total surface area, which was larger when fins were added. Indeed, by analysing the overall fine ffectiveness, defined as the ratio of the heat transfer rate for each configuration to that of the natural convection based un-finned case, it can be seen that a combination of micro-fins and PCM can lead to an enhancement as high as 32%.
The thermal performance of the un-finned plate under the naturally convective condition was found to be superseded by the one with micro-fins, PCM, and n-PCM in increasing orders of effectiveness. From an initial visual inspection, the 3-D printed PCM containment, without joined, screwed or glued parts, showed significant improvement in leakage control in contrast to the issues faced during previous similar works. Another important observation during the course of the experiment was the limitation of mixing nano-CuO with paraffin wax; namely the segregation, agglomeration and deposition of the metal oxide nanoparticles due to the difference in their densities. However, it could be concluded that the research problem of determining the effectiveness of introducing micro-finned back-plate, PCM and n-PCM into BICPV systems has been answered but further questions are raised concerning the long term stability of these systems. The experimental results presented within this paper provide promising foundations on which to build the next stage of the work. By introducing micro-finned back-plate and n-PCM into a utility-scale BICPV system, it would be possible to test their effectiveness not only through temperature regulation, but also in terms of enhancing the output electrical efficiency of the BICPV systems.
Material characterisation of PCM and n-PCM
DSC was used for determining the thermal characteristics of both the PCM and n-PCM, qualitatively and quantitatively, with good accuracy and repeatability. The results from the analysis of thermophysical properties are presented in Table 6 (a) and (b). The melting/ solidification enthalpies were based on the tallest peak area on the DSC curve and the melting/solidification temperatures were the summit temperatures of the respective peaks. The values were determined for three heating rates of 10 K/min, 5 K/min and 2 K/min. The standard deviation based on a sample, for each DSC run were calculated using the standard formula. The relative percentage change (% Δ) in the value of n-PCM from the value of base PCM was calculated as per Eq. (5).
As is evident from Table 6(a), the addition of nanomaterials led to a slight decrease in the melting enthalpy in the range of 2-4%, shown by the positive value for the relative change, % Δ, from the value of the base PCM. The melting temperature nominally increased in the range of 0.5-1.5% for the lower heating rates, as shown by the negative values 
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Heat transfer coefficient Fin effectiveness Fig. 12 . Heat transfer coefficients registered for the different configurations, with error bars. On the right axis, the overall fineffectiveness of each configuration compared to the un-finned surface exposed to air is reported. By definition, the effectiveness of the un-finned configuration is equal to 1.
of % Δ and decreased for a higher heating rate. The results exhibited similar trends as [63, 65] in that they show no specific correlation between nanoparticle addition/increase in concentration, heating rate and melting temperature. However, heat capacity values followed a definite decrease with increasing concentration or mass ratio. For the solidification process (Table 6(b)), the absolute values for enthalpy showed about a 2% increase in n-PCM for lower heating rates while a slight increase was observed at a higher heating rate. The solidification temperature showed an increase for n-PCM albeit the variation in the values were very high, the reason behind this is yet to be determined. 
where k n,PCM is the thermal conductivity of the resulting PCM, k n is the thermal conductivity of the dispersed nanomaterial (for nano-CuO, k n is 33 W/m K), k p is the thermal conductivity of the dispersion medium (for PCM RT42 k p is 0.20 W/m K) and Φ is the particle volumetric concentration (corresponding to a mass fraction of 0.5%). The effective thermal conductivity of the n-PCM using this analytical method was calculated as 0.2007 W/m K; an increase of 0.35% from the thermal conductivity value for the base PCM.
Conclusions
Efficient operation of BIPCV at elevated temperatures is a challenge that needs to be addressed to meet our growing demands for clean electricity. While the total installed PV capacity exceeds 303 GW globally, it has become more crucial to explore effective thermal regulation mechanisms. It is estimated that a 10°C decrease in the average PV temperature could correspond to a 15.15 GW increase in output electrical power worldwide. In this work, experiments were conducted to quantify and assess the suitability of combined passive mechanisms for the thermal regulation of BICPV. An un-finned and a micro-finned aluminium plate emulating the temperature profile of a BICPV back plate were cooled using PCM and n-PCM. Micro-fins have extensively been used within electronic devices, however, their application with PCM/n-PCM for thermal regulation of low concentration BICPV systems is a novel idea with no record found in the literature to date. These six configurations were tested: (i) un-finned plate, (ii) un-finned plate with PCM, (iii) un-finned plate with n-PCM, (iv) micro-finned plate, (v) micro-finned plate with PCM and (vi) micro-finned plate with n-PCM. Both PCM and n-PCM samples were characterised for examining and comparing their thermophysical properties such as melting/solidification temperature and the associated latent heats. The important observations are summarised below.
• In the un-finned system, PCM reduced the average temperature at the centre by 9.6°C (13.9%) and n-PCM by 11.2°C (16.2%).
• The micro-fins reduced the temperature by 10.7°C (15.9%) with PCM and by 12.5°C (18.5%) with n-PCM, suggesting higher cooling potential in micro-finned surfaces compared to the un-finned surfaces.
• Baseline comparisons were performed for the un-finned and the micro-finned heat sinks and it was found that the fineffectiveness in natural convection, with PCM and with n-PCM, was demonstrated by the decrease in average central plate temperature by 1.3°C, 2.5°C and 2.7°C respectively.
• Quantifying the effectiveness of individual elements led to the conclusion that the effectiveness of n-PCM in isolation was the highest followed by PCM. Micro-fins were not as effective when used in isolation.
• The use of PCM produced a clear enhancement in heat transfer for each configuration. Indeed, enhancements as high as 35% in heat transfer coefficient were registered when air was replaced with PCM. Moreover, it was demonstrated that a combination of PCM and micro-fins can result in a fine ffectiveness as high as 1.32.
• Producing micro-fins on the back plate of the BICPV module could prove beneficial in terms of material usage and by providing lightweight constructions.
• To address PCM leakage, high manufacturing turnaround time, and associated costs, the PCM containment was fabricated using 3-D print technology. This approach for manufacturing PCM containments using additive layer manufacturing technology has not been reported elsewhere and could pave the way for its future use.
• After successive heating and melting cycles, the n-PCM showed visual signs of agglomeration and deposition of nano-CuO due to the difference in their densities. In future work, other forms of TCE or nano-particles with a density of the similar order as the base PCM could be used to overcome this.
• From the DSC investigation, the melting/solidification temperatures for n-PCM showed a generally increasing trend, except in one case, while the melting/solidification enthalpies showed a 2-4% decrease as compared to the base PCM.
• The effective thermal conductivity for n-PCM was found to be increased nominally by 0.35% from that of the base PCM, as deduced from analytical methods.
The presented experimental data makes it clear that a combination of passive technologies could be envisaged as an effective solution for the thermal regulation of BICPV. In future, experiments could be conducted on a full-scale BICPV module to further test the effects of temperature reduction on photovoltaic power.
